Introduction
============

Vascular endothelial growth factor (VEGF) is essential for tumor neovascularization, which leads to the formation of blood vessels within a tumor and facilitates cancer cell survival, local tumor growth and the development of distant metastases ([@b1-etm-0-0-4110]). VEGF is also a primary mediator of angiogenesis and vascular leakage in exudative age-related macular degeneration (AMD) ([@b2-etm-0-0-4110],[@b3-etm-0-0-4110]). Additionally, VEGF is an autocrine survival factor for a number of cell types and a critical factor for the retina during development and maturity ([@b4-etm-0-0-4110]). VEGF binds to two distinct receptors, VEGF receptor 1 (VEGFR1) and VEGF receptor 2 (VEGFR2); however, VEGFR2 is considered to be the dominant signaling receptor for endothelial cell permeability, differentiation and proliferation ([@b5-etm-0-0-4110],[@b6-etm-0-0-4110]).

Wet AMD is characterized by the presence of choroidal neovascularization (CNV) in which newly formed blood vessels from choriocapillaris penetrate through Bruch\'s membrane (BM) and retinal pigment epithelial (RPE) cells ([@b7-etm-0-0-4110],[@b8-etm-0-0-4110]). Wet AMD accounts for \<10% of AMD, but serious complications may arise if it is left untreated, leading to the development of retinal detachment and blindness ([@b9-etm-0-0-4110],[@b10-etm-0-0-4110]). Elevated levels of VEGF were identified in vitreous samples from patients with retinal neovascular diseases, indicating that VEGF serves a role in retinal disorders ([@b11-etm-0-0-4110]). RPE cells, which are located between the choroid and retina, serve a critical role in the pathogenesis of AMD ([@b12-etm-0-0-4110]). RPE cells also secrete various cytokines, chemokines and growth factors, including interleukin (IL)-6, IL-11, chemokine (C-X-C motif) ligand 9, platelet-derived growth factor, transforming growth factor-β (TGF-β) and VEGF ([@b13-etm-0-0-4110]). Hypoxia results in the increased expression of VEGF and IL-6, which are associated with increased angiogenesis, cell migration and invasion ([@b14-etm-0-0-4110]). It has been demonstrated that TGF-β and VEGF markedly upregulate Snail mRNA, which is associated with the epithelial-mesenchymal transition (EMT), while no cytokines are known to affect the expression of transcriptional factors associated with EMT in adult retinal pigment epithelium-19 (ARPE19) cells ([@b15-etm-0-0-4110]). Based on these results, current treatments for AMD primarily focus on anti-VEGF therapies due to the association of CNV and EMT with VEGF ([@b16-etm-0-0-4110],[@b17-etm-0-0-4110]).

Vandetanib is a small molecule kinase inhibitor that inhibits the tyrosine kinase activity of VEGFR2, as well as angiogenesis ([@b18-etm-0-0-4110]). Vandetanib regulates tumor growth and vasculature in lung cancer by inhibiting epidermal growth factor receptor (EGFR) and VEGFR2 when administered as a single agent or used in combination with chemotherapy ([@b19-etm-0-0-4110],[@b20-etm-0-0-4110]). Vandetanib inhibits not only growth factor-induced phosphorylation of EGFR, mitogen-activated protein kinase (MAPK), VEGFR2 and protein kinase B (Akt), but also colony formation and invasion of breast cancer cells ([@b21-etm-0-0-4110]). Constitutive VEGF expression and secretion decreases following p38 inhibition, while no clear effect is observed following the inhibition of extracellular signal-regulated kinase (ERK) or c-Jun N-terminal kinase (JNK) ([@b22-etm-0-0-4110]). However, there is no specific information regarding the use of vandetanib in preclinical or clinical ocular pathological conditions.

A disintegrin and metalloproteinase (ADAM) 10 and ADAM17 proteins are widely expressed in the differential layers of the retina throughout the embryonic period and are essential for a number of biological processes. These include cell fate determination, angiogenesis, cell migration and wound healing ([@b23-etm-0-0-4110]--[@b25-etm-0-0-4110]). VEGF enhances VEGFR2 shedding via ADAM17, which is activated by the ERK and MAPK pathways ([@b26-etm-0-0-4110]). EBV-infected human corneal epithelial cells (HCECs) have previously been generated, which cause EMT by enhancing the secretion of IL-6, IL-8, VEGF, TGF-β1, tumor necrosis factor (TNF)-α and monocyte chemoattractant protein-1, as well as phosphoinositide 3-kinase (PI3K)/Akt and ERK signaling activation ([@b27-etm-0-0-4110]). EMT is a characteristic phenotypical change observed in patients with proliferative vitreoretinopathy (PVR) ([@b28-etm-0-0-4110]). RPE cells are crucial for the formation of fibrous tissue on the detached retina and EMT in PVR ([@b29-etm-0-0-4110]); however, to the best of our knowledge, there is currently no specific model for studying the effect of vandetanib on ADAM expression and cellular regulatory mechanism in RPE cells. In the present study, EBV-infected RPE cells (ARPE19/EBV) were produced as an *in vitro* model of EMT-related retinopathy, which expressed the mesenchymal phenotypes. The effect of vandetanib on ADAM expression and EMT using ARPE19/EBV that secreted VEGF and the signaling pathway that is involved in EBV-infected ARPE cells as a model of CNV or PVR, was investigated to assess their application in a clinical setting.

Materials and methods
=====================

### Cell culture and reagents

Cells from the human retinal pigment epithelial cell line ARPE19 were purchased from the American Type Culture Collection (ATCC; Manassas, VA, USA). The cells were maintained in Dulbecco\'s modified Eagle\'s medium/F12 (DMEM/F12; HyClone; Logan, UT, USA) supplemented with 10% fetal bovine serum (FBS; HyClone; GE Healthcare Life Sciences) and penicillin (100 U/ml)-streptomycin (100 µg/ml; Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) under a humidified atmosphere with 5% CO~2~. For the generation of EBV-infected ARPE19 cells, cell-free EBV virions were prepared from the B95-8 cell line (EBV type I; ATCC), as previously described ([@b27-etm-0-0-4110]). Briefly, the B95-8 cells were grown in RPMI-1640 medium (HyClone; GE Healthcare Life Sciences) supplemented with streptomycin, glutamine, and 10% FBS for 48 h at 37°C in an atmosphere containing 5% CO~2~. The infectious culture supernatant was harvested, centrifuged (200 × *g* for 10 min at 25°C), and filtered using a 0.2-µm-pore filter (Corning Inc., Corning, NY, USA) to remove cell debris. Following the attachment of the ARPE19 cells (2×10^5^ cells/T25 flask/4 ml media), an equal volume of EBV supernatant (4 ml, 73±11 CFU/ml) was added. EBV infection was confirmed using reverse transcription-quantitative polymerase chain reaction (RT-qPCR) and immunoblotting to detect viral transcripts and proteins, at four weeks following infection with EBV. Human recombinant VEGF was purchased from Human Biosciences, Inc. (Gaithersburg, MD, USA). Vandetanib was purchased from SelleckChemicals (Houston, TX, USA). GI254023X, Marimastat and ONO4817 were purchased from Tocris Bioscience (Bristol, UK). The Ethics committee and Institutional Review Board of the College of Medicine, Inje University (Busan, Korea) approved all protocols and procedures used in the present study.

### Cell viability assay

The effect of vandetanib on the cell viability of ARPE19 and ARPE19/EBV cells was evaluated using an MTT assay (Sigma Aldrich; Merck KGaA, Darmstadt, Germany). The cells were seeded at a density of 1--2×10^4^ cells/well in a 96-well plate and treated with various concentrations (10, 50, 100, and 500 nM) of vandetanib. Following 48 and 72 h incubation at 37°C, 30 µl MTT solution (1 mg/ml) was added to each well. The formazan dye, part of the MTT assay, was dissolved with dimethyl sulfoxide and the optical density (OD) was measured using a Synergy™ HT Multi-Detection Microplate Reader (Bio-Tek instruments Inc., Winooski, VT, USA) at 570 nm. Cell viability (%) was calculated as follows: \[OD~(vandetanib)~-OD~(blank)~\]/\[OD~(control)~-OD~(blank)~\] ×100.

### Wound-healing assay

The migration ability of the ARPE19/EBV cells was analyzed using a wound-healing assay. The cells (3×10^5^/2 ml) were seeded into a 6-well plate. After incubation for 24 h at 37°C, the confluent cell monolayers were manually scratched with a 200 µl micropipette tip to create a cell-free area. The plates were washed with phosphate-buffered saline (PBS) to remove all cell debris and were then incubated with DMEM/F12 containing 10% FBS in the presence or absence of vandetanib. Following 16 h treatment, repopulation of the wounded areas was observed under an inverted phase contrast microscope and the cells that migrated to the wounded area were imaged at ×100 magnification. The number of cells that migrated into the scratched area was analyzed using ImageJ software (National Institutes of Health, Bethesda, MD, USA).

### RNA isolation and RT-qPCR analysis

Total RNA was prepared using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer\'s protocol. Briefly, the treated cells were harvested and washed twice with PBS following exposure to 1 ml TRIzol and 0.2 ml chloroform. Samples were vigorously vortexed for 15 sec and incubated at room temperature for 2--3 min. Following centrifugation (12,000 × *g* for 15 min at 4°C), the colorless upper aqueous phase was separated, mixed with 0.5 ml of isopropyl alcohol, and centrifuged (12,000 × *g* for 10 min at 4°C). Following removal of the supernatant, the RNA pellet was washed the twice with 1 ml 75% ethanol and dried using a vacuum for 10 min at room temperature. For further removal of residual DNA, dissolved RNA samples in diethylpyrocarbonate-treated water were mixed with 2.5 µl DNase I stock solution (no. 79254; Qiagen GmbH, Hilden, Germany) and incubated for 10 min at 25°C. Purity of RNA samples (A~260~/A~280~ ratio \>1.6) was monitored with a Nanodrop 1000 spectrophotometer (Thermo Fisher Scientific, Inc.). Each RNA sample was transcribed into cDNA using oligo (dT) (no. N-7053; Bioneer Corporation, Daejeon, Korea) and AccuPower RT Premix (no. K-2043; 10 mM dNTPs; 2.5 mM, each dNTP; final concentration, 0.5 mM; Bioneer Corporation), oligo (dT)(5 µM), RNase inhibitor (no. 2313A; 10 U/µl; Takara Bio, Inc., Otsu, Japan), and reverse transcriptase (100 U/µl; Bioneer Corporation). Following gentle agitation, the mixture was incubated at 42°C for 1 h, and then heated at 94°C for 5 min to inactivate the reverse transcriptase. PCR was performed using Prime Taq Premix with Prime Taq DNA Polymerase, 1 unit/10 µl; 2X reaction buffer; 4 mM MgCl2; enzyme stabilizer; sediment; loading dye (pH 9.0) and 0.5 mM each of dATP, dCTP, dGTP, dTTP (no. G-3002; GeNet Bio, Daejeon, Korea) with the specified primers ([Table I](#tI-etm-0-0-4110){ref-type="table"}) and TaKaRa PCR Thermal Cycler Dice (no. TP600; Takara Bio, Inc.). The annealing temperature for specific target sequences and cycling conditions are provided in [Table I](#tI-etm-0-0-4110){ref-type="table"}. β-actin was used as a housekeeping gene. PCR products were analyzed by agarose gel (1%) electrophoresis and visualized using ethidium bromide under ultraviolet light using the multiple Gel DOC system (Fujifilm, Tokyo, Japan). Each experiment was performed at least three times. Results are representative of three independent experiments.

### Western blot analysis

The cells were washed with PBS and lysed in NP-40 cell lysis buffer (Thermo Fisher Scientific, Inc.) supplemented with a protease inhibitor cocktail (AEBSF, Aprotinin, bestatin hydrochloride, E-64, EDTA, and leupeptin hemisulfate salt; no. P8340; Sigma-Aldrich; Merck KGaA). To assess phosphorylation events, an additional set of phosphatase inhibitor Cocktail II (sodium orthovanadate, sodium molybdata, sodium tartrate, and imidazole; no. P5726; Sigma-Aldrich; Merck KGaA) was added to the NP-40 buffer. Equal quantities of protein (10 µg/lane) were separated using 8--12% SDS-PAGE, then transferred to nitrocellulose membranes (Merck Millipore; Merck KGaA) at 340 mA for 2 h. Following blocking with 5% nonfat skim milk for 1 h at room temperature, the membrane was probed with primary antibodies against Epstein-Barr virus nuclear antigen (EBNA) 2 (no. sc-17501; 1:100), EBNA3A (no. sc-23533; 1:100), latent membrane protein (LMP) 2A (no. sc-101314; 1:100), VEGFR2 (no. sc-6251; 1:500), ADAM10 (no. sc-25578; 1:500), ADAM12 (no. sc-25579; 1:500), ADAM17 (no. sc-25782; 1:500), E-cadherin (no. sc-7870; 1:500), β-actin (no. sc-47778; 1:1,000; all Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA); EGFR (no. 2232; 1:1,000), E-cadherin (no. 3195; 1:1,000), N-cadherin (no. 13116; 1:1000), Vimentin (no. 5741; 1:1,000), Snail (no. 3879; 1:1,000), phospho-Akt (Ser473; no. 9271; 1:1,000), Akt (no. 9272; 1:1,000), phospho-ERK1/2 (Thr202/Tyr204; no. 9101; 1:1,000), ERK1/2 (no. 9102; 1:1,000), phospho-JNK (Thr183/Tyr185; no. 4671; 1:1,000), JNK (no. 9258; 1:1,000), phospho-p38-MAPK (Thr180/Tyr182; no. 9211; 1:1,000), p38-MAPK (no. 9212; 1:1,000; all Cell Signaling Technology, Inc., Danvers, MA, USA); paired box protein (PAX) 2 (no. PAB24790; 1:500), LMP1 (no. MAB9772; 1:2,000; both Abnova, Taipei, Taiwan); EBNA1 (no. MA1-7271; 1:50; Thermo Fisher Scientific, Inc.); and α-smooth muscle actin (α-SMA; no. bs-10196R; 1:1,000; Bioss, Inc., Woburn, MA, USA), followed by the following specific secondary antibodies: anti-mouse-horseradish peroxidase (HRP; no. K0211589; 1:3,000) or anti-rabbit-HRP (no. K0211708; 1:3,000; KOMABiotech, Seoul, Korea). Chemiluminescence was detected using a WesternBright electrochemiluminescence HRP substrate (no. K-12045-D50; Advansta, Inc., Menlo Park, CA, USA) and a Gel Doc system (Fujifilm). Each experiment was performed at least three times. Results are representative of three independent experiments. Quantifications of western blots were analyzed using ImageJ 1.38 software. Relative intensity of bands was calculated by Image J and expressed as relative values to β-actin.

### Immunofluorescence assay using confocal microscopy

The cells (3×10^5^/ml) were seeded and treated with vandetanib and ADAM inhibitors. Following washing with PBS, the cells were fixed in 4% methanol-free formaldehyde solution (pH 7.4) at 4°C for 10 min, permeabilized with 0.1% saponin in PBS for 10 min and blocked in blocking buffer at room temperature (5% bovine serum albumin, 0.5% Tween-20 in PBS; no. A2058; Sigma-Aldrich; Merck KGaA) for 1 h. The cells were then incubated with anti-E-cadherin antibody (no. sc-7870; 1:500; Santa Cruz Biotechnology, Inc.) for 24 h at room temperature, washed with PBS and incubated with the fluorescein isothiocyanate-labeled secondary antibody (no. F0382; 1:80; Sigma-Aldrich; Merck KGaA) for 1 h at room temperature. The cells were stained with a propidium iodide solution, mounted and visualized under a Zeiss LSM 510 Meta confocal laser-scanning microscope (Carl Zeiss AG, Oberkochen, Germany).

### Statistical analysis

All data are presented as the mean ± standard deviation from ≥3 independent experiments. All statistics were calculated with the Student\'s *t*-test using SigmaPlot software (version 10.0; Systat Software, Inc., San Jose, CA, USA) and P\<0.05 was considered to represented a statistically significant difference.

Results
=======

### Cell characterization based on the expression of EMT-related molecules

The present study aimed to determine whether ARPE19/EBV cells exhibit fibroblast-like morphology and express mesenchymal cell markers. The ARPE19/EBV cells developed a characteristic small and spindle-like mesenchymal cell shape, and stably expressed the EBV-related viral proteins, including Epstein-Barr virus nuclear antigen EBNA1, EBNA2, EBNA3A, LMP1 and LMP2A ([Fig. 1A](#f1-etm-0-0-4110){ref-type="fig"}). It was then investigated whether ARPE19/EBV cells exhibited EMT-related molecules, including mRNA and protein. Although EGF and VEGF mRNA were detected in the ARPE19 cells ARPE19/EBV cells, the levels of EGF, VEGF, EGFR and VEGFR2 mRNA were markedly increased in ARPE19/EBV cells ([Fig. 1B](#f1-etm-0-0-4110){ref-type="fig"}). Increased expression of EGFR and VEGFR2 proteins were also detected in the ARPE19/EBV cells compared with the ARPE19 cells ([Fig. 1C](#f1-etm-0-0-4110){ref-type="fig"}). ARPE19/EBV cells exhibited mesenchymal-like cell features, including upregulated expression of vimentin, Snail and α-SMA mRNA and protein. The cells also exhibited decreased E-cadherin and N-cadherin expression consistent with the loss of epithelial characteristics ([Fig. 1B and C](#f1-etm-0-0-4110){ref-type="fig"}). In the ARPE19/EBV cells, the expression of ADAM10 and ADAM17 was upregulated compared with ARPE19 cells ([Fig. 1C](#f1-etm-0-0-4110){ref-type="fig"}), however ADAM12 expression was not. Compared with the ARPE19 cells, increased expression of paired bow gene 2 (PAX2) protein, a regulatory transcriptional factor for ADAM10, was observed in the ARPE19/EBV cells ([Fig. 1C](#f1-etm-0-0-4110){ref-type="fig"}). It was them determined whether exposure to vandetanib had an effect on cell viability of the ARPE19 and ARPE19/EBV cells. Although ARPE19/EBV cells were more sensitive to vandetanib, following 48 h vandetanib (500 nM) treatment, both drug-treated ARPE19 and ARPE19/EBV cells had a survival rate \>80%. However, the survival rate of vandetanib-treated ARPE19/EBV slightly decreased at 72 h ([Fig. 1D](#f1-etm-0-0-4110){ref-type="fig"}). Based on these findings, the effect of vandetanib on ARPE19/EBV as a model of CNV to develop new treatment methods for retinal pathological conditions was evaluated.

### Modulation of mesenchymal characteristics of ARPE19/EBV cells following treatment with vandetanib

The alteration of mesenchymal features in the ARPE19/EBV cells at 48 and 72 h following treatment with vandetanib was assessed. After 48 h treatment, the expression levels of VEGFR2 and EGFR in the ARPE19/EBV cells were attenuated compared with the untreated group following treatment with low (50 nM) or high (500 nM) doses of vandetanib ([Fig. 2A](#f2-etm-0-0-4110){ref-type="fig"}). Epithelial cell markers of retina cells (E-cadherin and N-cadherin) were also identified in the ARPE19/EBV cells treated with vandetanib ([Fig. 2A](#f2-etm-0-0-4110){ref-type="fig"}). By contrast, the expression of proteins associated with mesenchymal characteristics (vimentin, Snail and α-SMA) of ARPE19/EBV cells decreased in a dose-dependent manner following treatment with vandetanib ([Fig. 2A](#f2-etm-0-0-4110){ref-type="fig"}). Similarly, treatment of ARPE19/EBV cells with vandetanib led to downregulation of ADAM10, ADAM17 and PAX2 expression in a dose-dependent manner ([Fig. 2B](#f2-etm-0-0-4110){ref-type="fig"}). The mesenchymal characteristics of ARPE19/EBV cells were also considerably suppressed at 72 h after treatment with low or high doses of vandetanib ([Fig. 2C and D](#f2-etm-0-0-4110){ref-type="fig"}). To determine the effect of vandetanib on migratory or invasive activity of the ARPE19/EBV cells, a wound healing assay was performed. Treatment with 500 nM vandetanib significantly inhibited the migratory activity of the ARPE19/EBV cells (P\<0.01; [Fig. 3A and B](#f3-etm-0-0-4110){ref-type="fig"}). Furthermore, vandetanib-treated ARPE19/EBV cells exhibited decreased wound healing capacity compared with the cells cultured in normal media or VEGF-supplemented conditioned media (P\<0.001; [Fig. 3C and D](#f3-etm-0-0-4110){ref-type="fig"}). These results suggest that vandetanib may recover the epithelial characteristics of EBV-infected ARPE19 cells and inhibit the migratory or invasive activity of RPE cells in a retina pathological condition.

### Synergistic effect of vandetanib and ADAM inhibitors on mesenchymal features and migratory activity in ARPE19/EBV cells

Vandetanib affected the expression of ADAM family proteins in the ARPE19/EBV cells. To examine the effect of ADAM inhibitor on the expression of mesenchymal marker and invasion ability in the ARPE19/EBV cells, vandetanib was combined with ADAM inhibitors or a matrix metalloproteinase (MMP) inhibitor. In the ARPE19/EBV cells, it was demonstrated that ADAM10 inhibitor (GI254023X) and ADAM17 inhibitor (Marimastat) significantly downregulated the expression of ADAM10 and ADAM17 respectively ([Fig. 4A](#f4-etm-0-0-4110){ref-type="fig"}; P\<0.01). The MMP inhibitor (ONO4817) also slightly decreased the expression of ADAM 17 ([Fig. 4A](#f4-etm-0-0-4110){ref-type="fig"}). The combination of low dose vandetanib and each inhibitor clearly reduced the expression of VEGFR2, EGFR and PAX2 ([Fig. 4B](#f4-etm-0-0-4110){ref-type="fig"}). Furthermore, the expression of ADAM10 and ADAM17 in the ARPE19/EBV cells co-treated with vandetanib and each inhibitor was also downregulated, compared with cells treated with vandetanib alone ([Fig. 4B](#f4-etm-0-0-4110){ref-type="fig"}). The expression of epithelial markers (E-cadherin and N-cadherin) markedly increased following combination treatment with vandetanib and each inhibitor. Vimentin, Snail and α-SMA expression were all decreased following co-treatment with vandetanib and each inhibitor ([Fig. 4B](#f4-etm-0-0-4110){ref-type="fig"}). In addition, the combination treatment with vandetanib and each ADAM inhibitor markedly inhibited the migratory activity of the ARPE19/EBV cells compared with that of single drug treatment ([Fig. 4C and D](#f4-etm-0-0-4110){ref-type="fig"}). To determine the recovery of epithelial markers (E-cadherin) in the ARPE19/EBV cells, an immunofluorescence analysis was performed and visualized using confocal microscopy. E-cadherin expression in the ARPE19/EBV cells was upregulated following treatment with vandetanib in a dose-dependent manner ([Fig. 5A](#f5-etm-0-0-4110){ref-type="fig"}). Similarly, GI254023X, Marimastat and ONO4817 induced the expression of E-cadherin in the ARPE19/EBV cells ([Fig. 5B](#f5-etm-0-0-4110){ref-type="fig"}). Furthermore, an evident increase in E-cadherin was observed in the ARPE19/EBV cells co-treated with vandetanib and each inhibitor compared with the cells treated with each inhibitor alone ([Fig. 5C](#f5-etm-0-0-4110){ref-type="fig"}). These results suggest that a combination treatment with vandetanib and ADAM inhibitor may efficiently control the expression of mesenchymal features in RPE cells.

### Effect of combining vandetanib and ADAM inhibitors on the MAPK signaling pathway to control EMT characteristics in ARPE19/EBV cells

Finally, the effect of co-treatment with vandetanib and an ADAM inhibitor on inhibiting the signaling pathway induced by VEGF in the ARPE19/EBV cells was evaluated. The expression levels of phosphorylated JNK and p38 MAPK were increased in the ARPE19/EBV cells compared with ARPE19 cells but expression of phosphorylated ERK was decreased in the ARPE19/EBV cells ([Fig. 6A](#f6-etm-0-0-4110){ref-type="fig"}). Although the level of phosphorylated ERK was clearly increased following treatment with high doses of vandetanib, there was no effect on the levels of phosphorylated JNK, p38 MAPK and Akt in ARPE19/EBV cells ([Fig. 6A](#f6-etm-0-0-4110){ref-type="fig"}); however, co-treatment with a low dose of vandetanib and an ADAM or MMP inhibitor upregulated levels of phosphorylated ERK and attenuated the signaling pathway by blocking the phosphorylation of JNK, p38 MAPK and Akt ([Fig. 6B](#f6-etm-0-0-4110){ref-type="fig"}). The upregulation of the VEGF-induced mesenchymal markers (vimentin, Snail and α-SMA) and ADAM proteins was effectively blocked following co-treatment with low dose vandetanib and each inhibitor ([Fig. 6C](#f6-etm-0-0-4110){ref-type="fig"}). In addition, the migratory activity of VEGF-treated ARPE19/EBV cells significantly decreased (P\<0.01) following combination treatment with low dose of vandetanib and ADAM or MMP inhibitor ([Fig. 6D and E](#f6-etm-0-0-4110){ref-type="fig"}). These results suggest that combination treatment with vandetanib and ADAM inhibitors regulate the VEGF-mediated migratory activity of ARPE19/EBV cells through modulation of the MAPK signaling pathway.

Discussion
==========

VEGF expression is increased in RPE cells of the macula in patients with AMD, a condition associated with a high risk of CNV ([@b2-etm-0-0-4110]). CNV is a serious vision-limiting complication in which the integrity of the BM is compromised, allowing leaky tortuous vessels to sprout from the choriocapillaris into the subretinal pigment epithelium and the subretinal spaces ([@b7-etm-0-0-4110],[@b8-etm-0-0-4110]). In humans, it has been demonstrated that the vitreous level of VEGF is increased in patients with proliferative diabetic retinopathy ([@b30-etm-0-0-4110]). Therefore, intravitreal administration of neutralizing anti-VEGF monoclonal antibody is currently the primary treatment for AMD. Bevacizumab (Avastin^®^) is a full-length antibody and ranibizumab (Lucentis™) is an antibody fragment. Both bind all isoforms of VEGF. Unfortunately, Bevacizumab increases the expression of α-SMA and decreases the expression of zonula occludens-1 by stimulating the secretion of connective tissue growth factor (CTGF) in ARPE19 cells ([@b31-etm-0-0-4110]). CTGF is involved in the pathogenesis of PVR and retinal fibrosis, and serves an important role in EMT of RPE ([@b32-etm-0-0-4110]--[@b34-etm-0-0-4110]). In addition, AMD treated with anti-VEGF monoclonal antibodies generated undesirable additional hemorrhagic retinal lesions, which develop ≤3.5 years following the initiation of therapy ([@b35-etm-0-0-4110]). Furthermore, VEGF depletion in adult mouse RPE cells rapidly leads to vision loss and dysfunction of cone photoreceptors in physiological and pathological states ([@b36-etm-0-0-4110]). Based on these results, novel targets or drugs to prevent the progression of AMD through additional regulation are required and were assessed in the present study. The results of the current study suggest that the combination of vandetanib and ADAM10 or ADAM17 inhibitors may synergistically control the AMD-related EMT of RPE cells by upregulating epithelial markers.

EBV infection induces the expression of a series of cell-invasiveness and angiogenic factors, including MMP9 ([@b37-etm-0-0-4110]), MMP1, MMP3 ([@b38-etm-0-0-4110]) and VEGF ([@b39-etm-0-0-4110]), regardless of the LMP-1 expression of EBV ([@b40-etm-0-0-4110]). It has been demonstrated that EBV-infected HCECs exhibit increased migration and invasiveness due to the upregulation of MMP2 and MMP9 ([@b27-etm-0-0-4110]). Similarly, the present study indicated that EBV induced the loss of the epithelial marker E-cadherin and induced the upregulation of the mesenchymal markers (vimentin, Snail, and α-SMA) in ARPE19 cells. Treatment with vandetanib also enhanced the expression of E-cadherin in epithelial cells. Furthermore, mesenchymal cells exhibit decreased vimentin expression following treatment with vandetanib in the presence of EGF and VEGF ([@b41-etm-0-0-4110]). Vandetanib is considered to be a potential postoperative adjuvant therapy to inhibit the proliferation, progression, migration and survival of cancer cells, as it serves a role in the regulation of the VEGFR and EGFR signaling pathways ([@b42-etm-0-0-4110]). However, this drug also induces various side-effects including diarrhea, hypertension and prolongation of the QT interval ([@b43-etm-0-0-4110]). It has been suggested that the PI3K/Akt pathway may be activated in a VEGFR1-dependent manner in certain cells ([@b44-etm-0-0-4110],[@b45-etm-0-0-4110]). Proteomic analysis has indicated that phosphorylated-EGFR and VEGFR2 are significantly inhibited by vandetanib in tumor tissues ([@b46-etm-0-0-4110]). In addition, vandetanib inhibits the phosphorylation of ERK1/2 ([@b47-etm-0-0-4110]). Thus, in the present study it was investigated whether the combination of vandetanib with an ADAM inhibitor influences the signaling pathway induced by VEGF. Phosphorylated ERK was increased following combination treatment with vandetanib and ADAM inhibitor or co-treatment with vandetanib and MMP inhibitor. Additionally, the ARPE19/EBV cells co-treated with vandetanib and an ADAM inhibitor more efficiently reduced the expression of VEGFR and suppressed the signal transduction by inhibiting the phosphorylation of JNK, p38-MAPK and Akt compared with cells treated with vandetanib alone. The results of the current study suggest that co-treatment with vandetanib and an ADAM inhibitor more effectively prevents the signal transduction underlying pathological migration of RPE cells, caused by VEGF/VEGFR2 in retinal diseases.

ADAM family proteins have emerged as major proteinases that mediate ectodomain shedding. The dysregulation of ectodomain shedding is associated with autoimmune and cardiovascular diseases, cancer, inflammation, infection and neurodegeneration ([@b25-etm-0-0-4110]). Inhibition of ADAM10 may inhibit Pax6 expression and N-cadherin ectodomain shedding in retinal cells, potentially affecting neurite outgrowth and differentiation of ganglion cells ([@b48-etm-0-0-4110]). Furthermore, the ectodomain shedding activity of ADAM17 demonstrates wide substrate specificity including cytokine receptors, TNF receptor, VEGFR2, adhesion molecules (such as L-selectin) and transforming growth factor-α ([@b26-etm-0-0-4110],[@b49-etm-0-0-4110]). Inhibition of ADAM17 induces the expression of thrombospondin 1, a naturally occurring inhibitor of angiogenesis, whereas ADAM10 inhibition does not ([@b50-etm-0-0-4110]). Increased production of MMPs by TNF-α and ADAM17 activated by VEGF in the vascular endothelial cells serves a role in the regulation of retinal neovascularization ([@b51-etm-0-0-4110]). The endothelial-specific reduction of ADAM10 and inhibition of γ-secretase increases the collateral formation and endothelial-specific knockdown of ADAM17 reduced collateral formation ([@b52-etm-0-0-4110]); however, ADAM10 or ADAM17 inhibition exhibited a comparable influence on the invasion activity of the ARPE19/EBV cells in the current study. Furthermore, it was demonstrated that the combination of low dose vandetanib with an ADAM10 or ADAM17 inhibitor synergistically attenuated the migratory capacity of EBV-infected ARPE19 cells in an *in vitro* model of CNV or PVR. In conclusion, the results of the present study suggest that the inhibition of VEGF-mediated EMT signaling through co-treatment with vandetanib and an ADAM inhibitor provides a novel and promising therapeutic measure for neovascular AMD or other retina pathological conditions.
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![Mesenchymal morphology of ARPE19 cells elicited by EBV infection. (A) Mesenchymal cell-like transformation was observed under an inverted phase-contrast microscope and the level of EBV-related gene protein in EBV-infected ARPE19 cells was measured using western blotting. (B) Levels of VEGFR2, VEGF, EGFR, EGF, E-cadherin, N-cadherin, Vimentin, Snail, α-SMA and β-actin mRNA in ARPE19 and ARPE19/EBV cells were determined by reverse transcription-polymerase chain reaction. (C) The levels of VEGFR2, EGFR, E-cadherin, N-cadherin, Vimentin, Snail, α-SMA, pro-ADAM10, active-ADAM10, active-ADAM12, active-ADAM17, PAX2 and β-actin expression in ARPE19 and ARPE19/EBV cells were determined by western blot analysis. (D) ARPE19 and ARPE19/EBV cells were treated with various concentrations of vandetanib (0, 10, 50, 100 or 500 nM) for 48 and 72 h. Cell viability was analyzed by MTT assay. The results are representative of three independent experiments. ARPE19, adult retinal pigment epithelium-19 cells; EBV, Epstein-Barr virus; VEGF, vascular endothelial growth factor; VEGFR2, VEGF receptor 2; EGF, epidermal growth factor; EGFR, EGF receptor; α-SMA, α-smooth muscle actin; ADAM, disintegrin and metalloproteinase protein; PAX2, paired box gene 2; EBNA, Epstein-Barr virus nuclear antigen; LMP, latent membrane protein.](etm-13-04-1415-g00){#f1-etm-0-0-4110}

![Van decreases the expression of VEGFR2, EGFR, ADAM family and EMT markers in ARPE19 and ARPE19/EBV cells. ARPE19 and ARPE19/EBV cells were treated with 0, 50 and 500 nM Van for (A and B) 48 h or (C and D) 72 h. Whole cell lysates were analyzed by western blot analysis using antibodies against VEGFR2, EGFR, E-cadherin, N-cadherin, Vimentin, Snail, α-SMA, pro-ADAM10, active-ADAM10, active-ADAM12, active-ADAM17, and PAX2. β-actin was used as an internal control. The results are representative of three independent experiments. (C and D) The protein concentration in western blots was calculated using ImageJ software and expressed relative to β-actin. \*P\<0.01. VEGFR2, vascular endothelial growth factor receptor 2; EGFR, epidermal growth factor receptor; ADAM, disintegrin and metalloproteinase protein; ARPE19, adult retinal pigment epithelium-19 cells; α-SMA, α-smooth muscle actin; PAX2, paired box gene 2; DMSO, dimethyl sulfoxide; Van, vandetanib; Ctrl, control; EBV, Epstein-Barr virus.](etm-13-04-1415-g01){#f2-etm-0-0-4110}

![Van inhibits ARPE19/EBV cell migration. (A) ARPE19/EBV cells were treated with 0, 50 and 500 nM Van for 16 h. The migration ability of the cells was analyzed using a wound-healing assay. The length of the cells that migrated into the scratched area was imaged and calculated as a percentage of migration. (B) Graph demonstrating the number of cells that migrated to the wounded areas. \*\*P\<0.01 vs. control. (C) ARPE19/EBV cell were pretreated with 50 nM Van for 3 h and then treated with recombinant VEGF (5 µg/ml) for 30 min. Following washing with phosphate buffered saline, the cells were incubated for 16 h. The length of the cells that migrated into the scratched area were imaged and calculated as a percentage of migration (D), \*\*\*P\<0.001 vs. control; ^\#\#\#^P\<0.001 vs. VEGF. The results are representative of three independent experiments. ARPE19, adult retinal pigment epithelium-19; VEGF, vascular endothelial growth factor; DMSO, dimethyl sulfoxide; Van, vandetanib; Ctrl, control.](etm-13-04-1415-g02){#f3-etm-0-0-4110}

![Inhibition of ADAMs enhances the inhibitory effects of vandetanib in ARPE19/EBV cells. (A) ARPE19/EBV cells were treated with various ADAM inhibitors to examine the effect against ADAM activity. ARPE19/EBV cells were treated with 0, 50 or 500 nM Van for 3 h to compare the blocking effect on ADAM activity. The cells were also treated with 1 µM GI (ADAM10 inhibitor), 1 µM Mari (ADAM17 inhibitor) or 1 µM ONO (matrix metalloproteinase inhibitor) for 1 h. Following washing with phosphate-buffered saline, the cells were incubated for 24 h in Dulbecco\'s modified Eagle\'s medium/F12 containing 10% fetal bovine serum. Whole cell lysates were analyzed by western blot analysis using antibodies against pro-ADAM10, active-ADAM10, active-ADAM12 and active-ADAM17. The protein concentration in western blots was calculated using Image J software and expressed relative to β-actin. \*P\<0.01. (B) ARPE19/EBV cells were pre-treated with 50 nM Van for 3 h and then exposed to 1 µM GI, Mari or ONO for 1 h. Following washing with phosphate-buffered saline, cells were maintained for 48 h Dulbecco\'s modified Eagle\'s medium/F12 containing 10% fetal bovine serum. Whole cell lysates were analyzed by western blot analysis using antibodies against VEGFR2, EGFR, E-cadherin, N-cadherin, Vimentin, Snail, α-SMA, pro-ADAM10, active-ADAM10, active-ADAM12, active-ADAM17, and PAX2. β-actin was used as an internal control. (C and D) Cell motility was measured by a wound-healing assay. Dotted lines indicate the initial wounded area. Wound closure was slower in cells treated with vandetanib and ADAM inhibitors compared with those treated with DMSO or a single drug. The migratory distance of the cells toward the scratched area was imaged and calculated as a percentage of migration. \*\*P\<0.01 vs. Van 50 nM. The results are representative of three independent experiments. ADAM, disintegrin and metalloproteinase protein; ARPE19, adult retinal pigment epithelium-19; EBV, Epstein-Barr virus; GI, GI254023X; Mari, Marimastat; ONO, ONO4817; Van, vandetanib; DMSO, dimethyl sulfoxide; VEGFR2, vascular endothelial growth factor receptor 2; EGFR, epidermal growth factor receptor; α-SMA, α-smooth muscle actin; PAX2, paired box gene 2; Ctrl, control.](etm-13-04-1415-g03){#f4-etm-0-0-4110}

![Van and ADAM inhibitors significantly increase E-cadherin in ARPE19/EBV cells. (A) ARPE19/EBV cells were treated with 0, 50 or 500 nM Van for 3 h and then maintained for 8 h in DMEM/F12 containing 10% FBS (B) ARPE19/EBV cells were treated with ADAM inhibitors for 1 h and then maintained for 8 h in DMEM/F12 containing 10% FBS. (C) ARPE19/EBV cells were pre-treated with 50 nM Van for 3 h and then treated with ADAM inhibitors (GI, Mari, ONO) for 1 h. Following washing with phosphate-buffered saline, the cells were maintained for 8 h in DMEM/F12 containing 10% FBS. The nucleus was stained with PI. The cells were visualized under a confocal microscope (magnification, ×200). Green fluorescence indicates E-cadherin and red fluorescence indicates the nucleus (scale bar, 20 µm). The results are representative of three independent experiments. ARPE19, adult retinal pigment epithelium-19; Van, vandetanib; ADAM, disintegrin and metalloproteinase protein; DMEM, Dulbecco\'s modified Eagle\'s medium; FBS, fetal bovine serum; GI, GI254023X; Mari, Marimastat; ONO, ONO4817; PI, propidium iodide.](etm-13-04-1415-g04){#f5-etm-0-0-4110}

![Combined treatment with Van and ADAM inhibitors attenuates the MAPK signaling pathway and reverses epithelial-mesenchymal transition markers in ARPE19/EBV cells. (A) Protein levels of p-ERK, ERK, p-p38, p38, p-JNK, JNK, p-AKT, and β-actin in ARPE19 and ARPE19/EBV cells. ARPE19/EBV cells treated with various concentrations of Van (0, 50, 500 nM) for 3 h in order to analyze MAPK expression. (B) ARPE19/EBV cells were pre-treated with 50 nM Van for 3 h and exposed to 1 µM GI, Mari or ONO for 1 h. Following washing with phosphate buffered saline, the cells were maintained for 24 h in DMEM/F12 containing 10% FBS. Whole cell lysates were prepared and used in western blot analysis to determine the expression of p-ERK, ERK, p-p38, p38, p-JNK, JNK, p-AKT, AKT and β-actin, which served as an internal control. (C) ARPE19/EBV cells were pre-treated with Van (50 nM) for 3 h and then treated with recombinant VEGF (5 µg/ml) for 30 min. Following VEGF treatment; the cells were treated with GI, Mari and ONO for 1 h and incubated for 8 h in DMEM/F12 containing 10% FBS. Whole cell lysates were prepared and used for western blot analysis to determine the expression of pro-ADAM10, active-ADAM10, active-ADAM12, active-ADAM17, E-cadherin, N-cadherin, Vimentin, α-SMA, snail and β-actin, which served as an internal control. (D and E) The migration ability of the cells was analyzed using a wound healing assay. Dotted lines indicate the initial wounded area. The length of the cells that migrated into the scratched area was imaged (D) and calculated as a percentage of migration (E). \*\*P\<0.01, \*\*\*P\<0.001 vs. VEGF. The results are representative of three independent experiments. Van, Vandetanib; ADAM, disintegrin and metalloproteinase protein; MAPK, mitogen-activated protein kinase; ARPE19, adult retinal pigment epithelium-19; ERK, extracellular signal-regulated kinase; JNK, c-Jun N-terminal kinase; AKT, protein kinase B; DMEM, Dulbecco\'s modified Eagle\'s medium; FBS, fetal bovine serum; DMSO, dimethyl sulfoxide; GI, GI254023X; Mari, Marimastat; ONO, ONO4817; VEGF, vascular endothelial growth factor; α-SMA, α-smooth muscle actin; Ctrl, control; p-, phosphorylated.](etm-13-04-1415-g05){#f6-etm-0-0-4110}

###### 

Primer sequences used for reverse transcriptase-quantitative polymerase chain reaction.

               Primers (5′-3′)                                                     
  ------------ --------------------------------- --------------------------------- ---------
  VEGFR2       GTGACCAACATGGAGTCGTG              TGCTTCACAGAAGACCATGC              62°C/30
  VEGF         AGGAGGGCAGAATCATCACG              CAAGGCCCACAGGGATTTTCT             66°C/30
  EGFR         AGGCACGAGTAACAAGCTCAC             ATGAGGACATAACCAGCCACC             65°C/25
  EGF          CAGTTCCCACCACTTCAGGT              GCCAGCTGCACAAATACAGA              58°C/25
  E-cadherin   GACGCGGACGATGATGTGAAC             TTGTACTGTTGTGGATTGAAG             50°C/30
  N-cadherin   CACCCAACATGTTTACAATCAACAATGAGAC   CTGCAGCAACAGTAAGGACAAACATCCTATT   60°C/30
  Vimentin     GGAAGAGAACTTTGCCGTTGAA            GTGACGAGCCATTTCCTCCTT             60°C/30
  Snail        CAGATGAGGACAGTGGGAAAGG            ACTCTTGGTGCTTGTGGAGCAG            66°C/30
  α-SMA        ATCACCATCGGAAATGAACG              CTGGAAGGTGGACAGAGAGG              60°C/28
  β-actin      CAGGCACCAGGGCGT                   ATGGCTGGGGTGTTGAAG                60°C/25

VEGF, vascular endothelial growth factor; VEGFR2, VEGF receptor 2; EGF, epidermal growth factor; EGFR, EGF receptor; E, epithelial; N, neural; α-SMA, α-smooth muscle actin.
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